Magnetism in solids generally originates from the localized d-or f -orbitals that are hosted by heavy transition-metal elements. Here, we demonstrate a novel mechanism for designing half-metallic f -orbital Dirac fermion from superlight sp-elements. 
induces spontaneous spin-polarization, converting the system into a half-metallic Dirac state. Based on this discovery, a model of spin field effect transistor is proposed to generate and transport 100% spin-polarized carriers. Our finding illustrates a novel concept to realize exotic quantum states by manipulating MOs, instead of AOs, in orbital-designed molecular crystal lattices.
Magnetic ordering in solids is generally associated with heavy elements, and tremendous efforts have been devoted to finding transition metal (TM) based ferromagnetic (FM) materials 1,2 for spintronic device applications in the past decades. It has been known for a long time, according to Stoner criterion, 3 that the origin of FM order in solids arises from the partially occupied (localized) d-or f -orbitals, which gives rise to a significantly large density of state (DOS) at Fermi level (E F ), and drive the system into a FM ground state. Half-metal, 4, 5 with a 100% spin-polarized FM state, i.e., conducting in one spin channel and insulating in the other, is an ideal candidate 6 for spin injection and filtering. However, half-metals are very rare and only three-dimensional (3D) Heusler compounds, 7, 8 binary metal oxides CrO 2 9 and mixed valence perovskites 10 have been identified as half-metals in experiments.
Unfortunately, the strong spin scattering induced by the large spin-orbit coupling (SOC) of heavy elements may significantly reduce the spin relaxation time and mean free path during spin transport. As a result, great attention has been attracted to searching for spelectron magnetism in place of d-or f -electron magnetism. Local FM order and even halfmetallic state have been predicted and confirmed to exist in graphene-related 2D systems, some involving local defects or impurities. [11] [12] [13] [14] [15] [16] However, the realization of local magnetic states in graphene-related systems requires either large external electric fields or well-ordered defects/dopants. It is therefore highly desirable to discover new mechanisms for realizing delocalized FM states in sp-electron systems beyond the graphene models.
In this Communication, we demonstrate a novel concept for designing homogenous and long-range magnetism in an sp-electron molecular crystal. Our design principle is twofold:
first, beyond atomic crystals, molecular crystals are proposed to form with pre-defined lattice symmetries by taking the advantages of chemical synthesis and epitaxial growth; [17] [18] [19] [20] [21] [22] MOs of single C 20 molecule is calculated using Gaussian09 package at b3lyp/6-31g level. The charge conductance of 2D-C 20 layer are calculated using the DFT non-equilibrium Green's 
18,19
When C 20 molecules are constrained into a 2D lattice, our extensive structural searches based on DFT calculations confirm that the hexagonal lattice is the most stable one, as shown in of bare and FBS Dirac bands. As we learned from graphene models, the appearance of bare (FBS) Dirac bands could be a result of single p z (double p x + p y ) orbital hopping on a hexagonal lattice. [29] [30] [31] [32] However, in our C 20 system all the sp-AOs from forty C atoms (per unitcell) contribute to the formation of these Dirac bands and flat bands, as shown in Figure S1 . 33 Thus, it is impossible to understand these Dirac bands by the simple single-or double-AO hopping mechanism developed in graphene models.
Individual C 20 "superatom" has a I h symmetry in its gas phase (C Figure S2 , 33 which is significantly different from that of single C atom. Based on electron counting, the four degenerated highest occupied MOs (HOMOs)
are of 5f -type and occupied by two electrons, as shown in Figure 1c (left panel). When C 20 molecules are arranged into a hexagonal lattice, these 5f -MOs are splitted into two single f z 3
and f x(x 2 −3y 2 ) orbitals plus one double-degenerated f xz 2 + f yz 2 orbital according to C 3 crystal field symmetry, as shown in Figure 1c (middle panel). From orbital symmetry analysis, one finds that the f z 3 or f x(x 2 −3y 2 ) (f xz 2 + f yz 2 ) orbital has a similar in-plane symmetry as the p z (p x + p y ) orbital in a hexagonal lattice. It is, therefore, reasonable to expect that hopping between f z 3 or f x(x 2 −3y 2 ) (f xz 2 +f yz 2 ) orbitals will share similar features as that of p z (p x +p y ) Figure 2 . Here, the general set of f -orbital based Slater-Koster hopping integrals 35 are adopted, and a 2 × 2 (4 × 4) matrix is constructed to describe the two-band (four-band) single-(double-) f z 3 or f x(x 2 −3y 2 ) (f xz 2 + f yz 2 ) orbital hopping in a hexagonal lattice, which can be written as:
For simplicity, the on-site energies are set to zero (E 1 = E 2 = 0), and the off-diagonal terms capture the NN hoppings. For the f z 3 single-orbital case [f x(x 2 −3y 2 ) is similar to f z 3 ], the hopping integral can be described as
(f f φ)]. For the f xz 2 + f yz 2 double-orbital case, the hopping integrals can be described as:
where of the conduction band indicates that a small perturbation of exchange interaction introduced by carrier (electron) doping can induce a large spin splitting, because of the very nature of flat band with an "infinitly" large DOS. 36 Accordingly, the critical value of carrier concentration (n e ) for spontaneous spin-polarization in 2D-C 20 system may be much smaller than that in conventional FM materials, according to Stoner criterion. To confirm this expectation, we have calculated the magnetic moment of the system as a function of n e and the spin-polarization energy (the energy difference between spin-polarized ground state and spin-unpolarized state), which is shown in Figure 3a . When n e increases, the flat band becomes partially occupied and the DOS at E F increases quickly. The critical n e for spinpolarization in the 2D-C 20 lattice is estimated to be as small as ∼ 2.4 × 10 12 cm −2 marked by the left red arrow, which could be achieved in the current experiments by gating (order of
When n e > 2.4 × 10 12 cm −2 , the magnetic moment (black circles) continues to increase with the increasing n e , while the spin-polarization energy decreases (blue triangles).
Once n e > 1.18 × 10 13 cm −2 marked by the middle red arrow, the magnetic moment saturates at 1.0µ B /e, as shown in the inset of Figure 3a , and the system becomes a half-metal, and the corresponding band structure is shown in Figure S3 .
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Another effective approach to doping of a C 20 molecule is to encapsulate alkali atoms into the cage of fullerene, which has been achieved in the experiments. The above findings demonstrate an attractive mechanism for realizing half-metallic Dirac semimetal state by manipulating the MOs of fullerene. First, C 20 molecule, which has a degenerate 5f -MOs at HOMO, can be used to generate FBS Dirac bands at the bottom of conduction band under specific crystal field splitting (left panel of Figure 3c ). Second, small "finite" (fractional) charge doping of the flat band will induce a large spin-polarization, because of its "infinitely" large DOS. As a result, the system is converted from a NM (middle panel of Figure 3c ) to a half-metallic ground state (right panel of Figure 3c ). Especially, a half-metallic Dirac fermion state can be achieved by a critical n e by gating or monolayer decoration of alkali atoms.
In practice, the growth of fullerene monolayer with controllable lattice symmetries could be achieved by selection of specific substrates. 18, 19 Hexagonal BN (h-BN) has been widely selected as an ideal substrate to grow various 2D materials by van de Waals (vdW) epitaxy.
Using h-BN as a candidate substrate, our structure search shows that 1 × 1 2D-C 20 (or in which the carriers with 100% spin-polarization will transport with ultrafast speed.
In conclusion, we demonstrate a novel mechanism for achieving a half-metallic Dirac semimetal state from the manipulation of MOs of fullerenes, by designing large-angularmomentum (d-and f -) frontier MOs from linear combination of small-angular-momentum (s-and p-) AOs. Our discovery opens an new avenue to realizing exotic quantum states from orbital-designed molecular crystal lattices.
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